Understanding the effect of redox-inactive metals on the properties of biological and heterogeneous water oxidation catalysts is important both fundamentally and for improvement of future catalyst designs. 
C alcium is an obligatory cofactor for water oxidation in the oxygen-evolving complex (OEC) of photosystem II, which has been structurally and spectroscopically determined to contain a CaMn 4 O x cluster ( Fig. 1, Left) (1). The exact role of the Ca 2+ ion in catalysis is not yet understood, but the observation that only Sr 2+ can functionally substitute for Ca 2+ has been attributed to the similar Lewis acidities of the two cations (2) (3) (4) . The calcium center has been proposed to coordinate water or hydroxide ligands that participate in O-O bond formation (5) (6) (7) . Other proposed functions include affecting proton-coupled electron transfer and the redox properties of the cluster, possibly via interactions with neighboring tyrosine residues (8) (9) (10) (11) .
Many other biological and synthetic electron transfer reactions are affected by the addition of Lewis acidic metal ions (12, 13) . For example, synthetic Fe IV -oxo complexes have shown enhanced electron transfer rates and more positive reduction potentials upon binding or addition of redox-inactive Lewis acids such as Sc 3+ or Ca 2+ (14, 15) . Group 2 metal ions also enhanced the rates of dioxygen activation by monometallic Mn II and Fe II complexes (16, 17) . Alkali and alkali earth metals have also been proposed as components in heterogeneous water oxidation by cobalt and manganese oxides (18) (19) (20) (21) (22) ) and demonstrated that the reduction potentials of the clusters are linearly correlated with the Lewis acidity of the redox-inactive metal (23) .
We have previously described a [CaMn IV 3 O 4 ] cubane complex (1-Ca) (24, 25) supported by a multinucleating ligand framework (H 3 L, Fig. 2 ) that is structurally related to the CaMn 3 OEC subsite proposed by crystallographic studies (Fig. 1, Right) ) allowed the systematic investigation of the effect of redox-inactive metal ions upon the redox properties of biologically relevant manganese clusters.
Results and Discussion
To study whether the correlation between Lewis acidity and redox potentials of the trimanganese dioxido complexes could be extended to the tetraoxido cubane clusters that are structurally more similar to the OEC, we targeted analogs of 1-Ca with other metal ions substituted for calcium. The strontium compound [LSrMn 3 O 4 (OAc) 3 Fig. 2 , DMF, N,N-dimethylformamide) was prepared analogously to 1-Ca from a lowoxidation-state trimanganese precursor supported by a triarylbenzene architecture appended with pyridine and alkoxide donors (31, 32 (25) .
With these complexes in hand, in addition to the previously reported compounds 1-Ca, [OTf], and LMn 4 O 4 (OAc) 3 (24, 25) , the effect of changing the redox-inactive metals in the clusters was studied electrochemically. Cyclic voltammograms (CVs) of (Fig. 4) 3 (DMF) (2·DMF) after crystallization from DMF (Fig. 5) . The reduced product was confirmed by an XRD study (Fig. 3D) and further characterized by NMR spectroscopy (Fig. S2) . BVS analysis of the Mn-ligand bond lengths indicate that the oxidation states of the Mn (24), but the reduction potential of 1-Zn is more positive by greater than 300 mV (E 1/2 = -630 mV), even though Zn 2+ is also a dicationic redox-inactive metal and all three complexes are neutral in charge. Similarly, although both + and [1-Y] + contain tricationic redox-inactive metals, their reduction potentials differ by ca. 200 mV. This variation in redox potential is inconsistent with a purely electrostatic explanation of the differences in redox potentials (36) . The similarity of the redox potentials of the calcium and strontium variants in comparison with those of the other analogs is consistent with the similar electronic structure of the Sr-substituted OEC, as well as the water oxidation activity observed (although lower than that of native photosystem II) (2, 37) .
The (24, 25) were plotted against the pK a of the metal aqua ions measured in water (38) , used here as a measure of the Lewis acidity of cation M (Table S6) . As with the related series of trimanganese dioxido complexes (23), a linear correlation is observed (Fig. 6) . Hence, the chemical property that the reduction potentials of the clusters depend on is the Lewis acidity of the incorporated redox inactive metal. The positive shift in reduction potential with increasing Lewis acidity is likely due to the increased electron-withdrawing effect upon the μ 3 -oxido ligands, which stabilizes the more reduced manganese oxidation ] complexes containing the same metal ions, despite the higher overall manganese oxidation state of the tetraoxido clusters. This negative shift in potential with additional oxido ligands highlights a different path for tuning the reduction potential. An increased number of oxido ligands per redox active metal shifts the potentials negatively as the cluster becomes more electron-rich and the higher Mn oxidation states are stabilized. The synthetic calcium cubane discussed here, 1-Ca, has a very negative potential compared with the thermodynamic potential of water oxidation. However, the structurally related OEC has a lower oxide-Mn ratio, likely driving the potential positively.
The similar linear dependences upon Lewis acidity of the dioxido and tetraoxido complexes suggest that a more general correlation exists between the redox potentials of mixed metal oxides and the Lewis acidity of incorporated redox-inactive metals. Such a relationship may provide a quantitative method for tuning the potentials of both homogeneous and heterogeneous metal oxide electrocatalysts, either by changing the redox-inactive metal in isostructural compounds or by increasing or decreasing the oxide content. The wide range of reduction potentials found within the [MMn 3 O 4 ] clusters demonstrates that a large change in the thermodynamics of a catalyst can be effected by simple substitution, (e.g., ca. 16 kcal/mol when substituting Sc 3+ for Ca 2+ ). In summary, [MMn 3 O 4 ] cubane clusters structurally related to the CaMn 3 subsite of the OEC substituted with divalent and trivalent redox-inactive metals were prepared. This series of compounds allowed for the systematic study of the electrochemical effect of the Lewis acidic metal ions on the manganese reduction potentials. Varying the Lewis acidity of the capping metal from Mn 3+ to Sr 2+ shifted the redox potentials of these clusters by over 1 V. These results support proposals that in addition to its other possible functions in the OEC, Ca 2+ plays a role in modulating the redox potential of the manganese centers via the μ-oxido ligands. Current studies are focused on studying these effects in other metal-oxido compounds of varying structure, metal character, and oxidation state to better understand the fundamental basis for water oxidation in complex metal clusters.
Materials and Methods
Unless indicated otherwise, reactions performed under inert atmosphere were carried out in oven-dried glassware in a glovebox under a nitrogen atmosphere. Anhydrous THF was purchased from Aldrich in 18 L Pure-Pac containers. Anhydrous acetonitrile, benzene, dichloromethane, diethyl ether, and THF were purified by sparging with nitrogen for 15 min and then passing under nitrogen pressure through a column of activated A2 alumina (Zapp's). CD 2 Cl 2 was purchased from Cambridge Isotope Laboratories, dried over calcium hydride, then degassed by three freeze-pump-thaw cycles and vacuum transferred before use. 1 H NMR spectra were recorded on a Varian 300 MHz instrument, with shifts reported relative to the residual solvent peak. . In a glovebox, LMn(OAc) 3 (0.310 g, 0.259 mmol) and Sr(OTf) 2 (0.115 g, 0.298 mmol, 1.2 eq) were combined in a scintillation vial equipped with a stir bar. We added 10:1 THF-DME (20 mL), and the heterogeneous yellow mixture was stirred for 5 min. KO 2 (0.055 g, 0.774 mmol, 3.0 eq) was added in small portions over a minute, and the mixture was stirred at room temperature for 12 h, darkening to a red-brown mixture. The reaction mixture was filtered through Celite, and the filtrate was dried in vacuo. The red-brown solid was then washed with acetonitrile, then extracted with DMF, and dried again to yield the clean product (0.030 g, 7% . In a glovebox, 1-Ca (0.044 g, 0.032 mmol) and Zn(OTf) 2 (0.016 g, 0.035 mmol, 1.1 eq) were combined in a scintillation vial equipped with a stir bar and dissolved in DMF (3 mL). The brown mixture was stirred at room temperature for 15 min, then dried in vacuo. Benzene (4 mL) was added to the resulting brown solid, and the mixture was filtered through Celite to remove calcium triflate salts. The filtrate was dried in vacuo to yield the product as a red-brown solid (0.029 g, 68% 
